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Abstract

An experiment was performed in the Langley 0.3-Meter Transonic Cryo-
genic Tunnel to study the internal acoustic field generated by rectangu-

lar cavities in transonic and subsonic flows and to determine the effect of

Reynolds number and angle of yaw on the field. The cavity in this study was

11.25 in. long and 2.50 in. wide. The cavity depth was varied to obtain length-

to-height (l/h) ratios of _._0, 6.70, 12.67, and 20.00. Data were obtained
for a free-stream Mach number (M_c) range from 0.20 to 0.90, a Reynolds

number range from 2 x 106 to I00 x 106 per foot with a nearly constant

boundary-layer thickness, and for two angles of yaw of 0 ° and 15 °. Results

show that Reynolds number has little effect on the acoustic field in rectangular

cavities at an angle of yaw of 0 °. Cavities with 1/h = _._0 and 6. 70 generated

tones at transonic speeds, whereas those with I/h = 20.00 did not. This trend
agrees with data obtained previously at supersonic speeds. As _Ioc decreased,

the amplitude and bandwidth of the tones changed. No tones appeared for

M_ = 0.20. For a cavity with l/h = 12.67, tones appeared at M_o = 0.60,
indicating a possible change in flow-field type. Changes in acoustic spectra

with angle of yaw varied with Reynolds number, hiM, I/h ratios, and acoustic
mode number.

Introduction

Carrying weapons internally provides aerody-
namic advantages in flight; however, difficulties such

as large nose-up pitching moments or store structural

vibration can arise when a store is required to sep-

arate from a cavity exposed to an external flow. To
ensure safe separation of a store exiting from a cav-

ity, it is necessary to study the flow disturbances gen-

erated when a rectangular cavity is introduced into

uniform flow. In addition to changes in the mean

pressure distribution in the cavity, an acoustic pres-
sure field with high-intensity tones that radiate from

the cavity can occur as reported in references 1 i0.

This paper addresses acoustic tone generation under
transonic and subsonic conditions.

Four types of flow have been observed for cav-

ities under supersonic conditions: closed, open,

transitional-closed, and transitional-open. (See, for

example, refs. ll and 12.) Closed cavity flow, in
which the shear layer attaches to the floor of the

cavity, is observed for cavities with length-to-height

(l/h) ratios greater than 13 at supersonic speeds.

Such flow produces an adverse static pressure gradi-
ent in the cavity that causes a separating store to ex-

perience large nose-up pitching moments. Open cav-

ity flow, in which the shear layer bridges the cavity,

is seen at supersonic speeds for cavities with I/h ra-

tios less than 10. Although this type of flow pro-
duces a more uniform static pressure distribution, it

is this flow regime that can produce high-intensity
acoustic tones. Transitional-closed and transitional-

open flows are two distinct transitional flows for

which the corresponding acoustic fields have not bccn
determined.

The mechanism that produces the acoustic tones
is understood to be a reinforcement between insta-

bilities in the shear layer that bridges the cavity

and pressure waves generated in the cavity when

the shear layer impinges on the aft wall. Acoustic
tones occur at discrete frequencies that correspond

to characteristic pressure patterns (standing waves or
modes) in the cavity. Although there is no satisfac-

tory method to predict tone amplitude (or whether

they will occur), the frequencies at which the tones
may occur can be predicted by a semiempirical equa-

tion determined by Rossiter in reference 1 and mod-

ified by Heller, Holmes, and Covert in reference 2.
The modified Rossiter equation, which is described

later, depends on cavity dimensions and flow speed.

The purpose of this study was to determine if

tones are generated at transonic speeds for the same

geometries (l/h ratios) as at supersonic speeds and

to determine the effect of Reynolds numbcr (apart
from boundary-layer thickness) and angle of cavity

yaw on the internal acoustic fields.

Symbols and Abbreviations

FPL

f

fm

h

fluctuating pressure level, dB re qoc

frequency, Hz

frequency of acoustic mode, Hz

cavity height, in.



k(M_)

l

A_

m

P

pt,_c

q_

R_

Uoc

X

Y

Z

a(l/h)

empirical ratio of shear layer and
free-stream velocities

cavity length (11.25 in.), in.

free-stream Mach number

acoustic mode number

measured fluctuating pressure, psf

free-stream total pressure, psi

free-stream dynamic pressure, psf

free-stream unit Reynolds number

per foot

free-stream total temperature, K

free-stream velocity, fps

longitudinal distance from origin,
in.

lateral distance from origin, in.

vertical distance from origin, in.

empirical phase between instabilities
in shear layer and pressure waves

ratio of specific heat of test gas

at constant pressure to that at
constant volume

¢ angle of yaw, deg

Experimental Description

Test Facility

The experimental study was performed in the

13- by 13-in. test section of the Langley 0.3-Meter

Transonic Cryogenic Tunnel (0.3-m TCT) shown in

figure 1. (Refs. 13 and 14 describe the facility and

operation in more detail.) The 0.3-m TCT is a
continuous-flow, fan-driven, cryogenic pressure tun-

nel that uses nitrogen as a test gas. All tile walls
of the test section are solid. The sidewalls are rigid,

whereas tile top and bottom walls are flexible and

movable. The latter are computer controlled, given

feedback on wall position and pressure distribution,

to achieve alignment with model streamlines. This is
done so that the flow in the vicinity of the model will
be the same as that obtained for the free-stream con-

dition. Reference 15 gives a more detailed description
of the adaptive walls.

The Mach number in the tunnel can be varied

continuously from 0.20 through 0.95. The stag-

nation pressure and temperature are variable from
1.2 to 6.0 atm and 80 K to 320 K, respectively, which
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permits unit Reynolds numbers up to 100 x 106 per
foot.

Model

A rectangular cavity model was mounted on a
turntable that was instMled in the sidewall of the

0.3-m TCT. Figure 2 shows the cavity with dy-

namic pressure instrumentation prior to installa-
tion in the tunnel. The cavity was 11.25 in. long

by 2.50 in. wide and the depth was variable to obtain

l/h ratios of 4.40 (h = 2.56 in.), 6.70 (h = 1.68 in.),

12.67 (h = 0.89 in.), and 20.00 (h = 0.56 in.). The
turntable could be rotated with respect to the flow to

position the cavity with angles of yaw of 0° and 15 °.

Instrumentation

The model was instrumented with 18 dynamic

pressure transducers (16 of which were along tile
centcrline and 1 each on the fore and aft walls at

half-depth) as shown schematically in figure 3. The

origin of the coordinates used was the center top of

the forward cavity wall. The transducers were minia-
ture, high-sensitivity, piezoresistive, differential dy-

namic pressure transducers with a full-scale range of

=t=10 psid and a resonant frequency of 130000 Hz.
Transduccr 8 was sealed to determine the sensitiv-

ity of the transducer to vibration, which proved to

be negligible. The reference pressure was local static

prcssure. (Transducers 1 3 and 15-17 were mani-
folded to a static pressure port identified as SR1 in

figurc 3; transducers 4 11 were manifolded to SR2;
and transducers 12-14, 18, and 19 Were manifolded

to SR3.) A 1000-Hz bench calibration verified that
the tempcrature compensation maintained a sensitiv-

ity that was within ±10 percent of a reference sen-

sitivity at 100 K. Analog data were recorded on two
14-channel FM tape recorders using a medium band

format at 30 in/see (0 10 kHz). A sine wave calibra-
tion was applied to each pressure transducer several

times throughout the test.

Test Matrix

Data were obtained for Moc = 0.20, 0.60, 0.80,

and 0.90. The Reynolds number was varied from
4 x 106 to 100 x 106 per foot at angles of yaw of 0°

and 15 ° .

Boundary-Layer Thickness

Because boundary-layer thickness is an impor-

tant parameter in cavity flows (refs. i6 and i7)

and because it varies with Reynolds number, the ef-

fect of Reynolds number was isolated from that of

boundary-layer thickness. For this experiment, a

Z

i

m

=

u

B

m

i

Z



nearly constant boundary-layer thickness was main-

tained for the range of test Reynolds numbers. The

thickness of the boundary layer at the leading edge of
the cavity was determined with measurements made

with a total pressure rake by using a method de-

scribed in reference 18. The boundary-layer thick-
ness is defined as the distance from the surface at

which the boundary-layer velocity equals 99 per-
cent of the free-stream velocity. For -_loc = 0.60,

the boundary-layer thickness was found to range
from 0.58 in. at R_ = 5 x 106 per foot to 0.47 in. at

R_=85x 106per foot; and for Mcc=0.90, it

ranged from 0.51 in. at R_ = 13 × 106 per foot
to 0.49 in. at R_ = 100 x l06 per foot. Measure-

ments were made with the cavity floor positioned

flush with the turntable (h = 0.00 in.).

Data Analysis

An antialiasing filter was applied at 5 kHz and
the analog data were sampled at 12.5 kHz. The

digitized data were divided into 50 blocks (assumed

independent) of 4096 points each. Each block was

Fourier analyzed by using a Hanning window and

the resulting spectra were averaged. This process
produced spectra with a frequency resolution of 3 Hz

and 95-percent confidence that the spectral estimate

was within 4-1 dB of the true spectra based on a
chi-square distribution.

Results and Discussion

Since the data were obtained for a wide range of

temperatures and dynamic pressures, the data were

nondimensionalized by using free-stream parameters.

The fluctuating pressure is presented in decibels

(dB) as is customary for acoustic data and is non-
dimensionalized with free-stream dynamic pressure

as is customary for aerodynamic data. The fluctuat-
ing pressure level is defined as follows:

FPL = 20 log p
qoc

Chart A

Frequency is nondimensionalized by using the cavity

length l and the free-stream flow speed U_.

The acoustic tones that radiated from the cav-

ity corresponded to characteristic pressure patterns

(standing waves or acoustic modes) in the cavity.

An illustration of an acoustic mode shape in the

cavity can be obtained by plotting the amplitude
of a tone, at a given frequency, as a function of

position along the length of the cavity. Figure 4

presents three different mode shapes (correspond-

ing to fl/Uoo _ 0.7, 1.1, and 1.5) in a cavity with

I/h = 6.70, Mac = 0.80, _b = 0°, and Rat = 99 x 106

per foot. The acoustic mode shapes were similar to
those observed in organ pipes but were somewhat

elongated, as if the downstream wall was soft. Sub-

sequent data are presented as acoustic spectra. Data

from transducer 1 (see fig. 3) are used in this report as
they are representative of data obtained throughout

the cavity but contained the least amount of broad-

band noise (tones appeared higher against the back-

ground in the spectra). Except where indicated, all
data are presented for an angle of yaw of 0 °. For

reference, a set of nondimensional modal frequen-

cies predicted by the modified Rossiter equation (see

refs. 1 and 2), which is given here as

l m - c_ (l/h)

fm u_

are given in chart A where, from reference 1,

"7= 1.4

_(I/h) = 0.25

k(M_) = 0.57

(l/h = 4.o0)

(M_ = 0.40-1.20)

Nondimensional modal frequencies at a Mach number of--
Mode 0.20 0.60 0.80 0.90

0.38

.90

1.41

1.92
2.44

2.95

3.46

0.32

.75

1.18

1.61
2.04

2.47

2.90

0.30

.70

1.10

1.50

1.90
2.30

2.70

0.29

.68

1.06

1.45
1.84

2.22

2.61
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Thecoefficientsct and k used in the equation were

published values (rcf. 1) obtained for I/h = 4.00 and
M_c = 0.40 through 1.20, respectively. A summary

of the test points for which tones were observed is

included in tile nominal test matrix given in table 1.

Effect of I/h

One of the main objectives of this study was to
determine if the tones that correspond to the pre-

dicted Rossitcr frequencies arc generated by cavities

with the same I/h ratios at transonic speeds as they

are at supersonic speeds. Figure 5 presents plots

comparing FPL spectra for the four I/h configura-
tions at Moc = 0.60, 0.80, and 0.90 and for the high-

cst Reynolds number obtained (85 x 106, 100 x 106,
and 100 x 106 per foot, respectively). The modal

frequencies predicted by the modified Rossiter equa-

tion (for l/h = 4.00 and M_c = 0.40 1.20) are in-
dicated by bold tick marks on the abscissa. As

discussed in reference 19, the modified Rossiter equa-
tion is a semiempirical equation that was determined

for a limited parameter range. These limitations may

account for the disagreement between the predicted

modal frequencies and those observed in this test.

Figure 5 illustrates that the deeper the cavity

(or greater the volume), the greater the acoustic
pressures. Tones were observed for cavities with

I/h = 4.40 and 6.70 but not 20.00, which agrees with
data obtained previously under supersonic condi-

tions (ref. 20). The tones that appear in fig-

ure 5 for I/h = 20.00 coincide with the tunnel

fan blade passing frequency and first harmonic;

fl/Ucc = 1.21 and 2.42, for Moc = 0.60; fl/U_c =
1.13 and 2.26 for Mc_ = 0.80; and fl/Uoc = 1.07 and

2.14 for Moc = 0.90. An unanticipated result was the

presence of tones for I/h = 12.67 at M_c = 0.60 but
not at ,¥/_c = 0.80 or 0.90, which indicated a possible

change in flow field.

Data for M_c = 0.20 were available only for

l/h = 4.40 and 6.70. There were no tones apparent
and no notable differences between the spectra.

Effect of Reynolds Number

As indicated before, a nearly constant boundary-

layer thickness was maintained for the test range of

Reynolds numbers. Figures 6, 7, and 8 illustrate
the effect of Reynolds number on the cavity FPL for

each I/h configuration at Moo = 0.60, 0.80, and.0.90,

respectively. Little change occurred with changing

Reynolds number. The tones, the significant fea-

tures in the spectra, did not change in amplitude,
bandwidth, or center frequency (modal frequency) as

the Reynolds nmnber changed. Data for Moc = 0.20

were available only for low Reynolds numbers (less
than 30 x 106 per foot) and are not presented.

Effect of Mach Number

Mode amplitude and bandwidth changed with

Mach number. Different tones dominated the spectra
for different Mach numbers. Figure 9 gives the

spectra and compares the cavity FPL with the Mach
number range for each 1/h configuration at ¢ = 0°
and R_c = 30 x 106 per foot.

For cavities with l/h = 4.40 and 6.70 (figs. 9(a)

and (b), respectively), Moc = 0.20 spectra contained
no identifiable features. The M_o = 0.60 spectra con-

tained broad peaks. As the Mach number increased

to 0.80, the second mode (fl/U_c _ 0.7) sharpened
and became dominant, whereas higher order modes

(fl/U_c >_ 1.2) decreased in amplitude. Spectra for
M_c = 0.90 were similar to the Moc = 0.80 spectra

with the exception that the second mode which was

prominent at Met = 0.80 decreased in amplitude and
the first mode (fl/U_ _ 0.3) became more promi-

nent. The broadening of the tones (i.e., high-pressure

levels over a range of frequencies about the modal

frequency) may indicate a destabilization of the feed-
back mechanism as the Mach number decreased.

Data from l/h = 12.67 (fig. 9(c)) showed the most

dramatic change, indicating a possible change in
flow-field type. The tones were eliminated as the
Mach number increased from 0.60 to 0.80. Static

pressure distributions (see ref. 19) are expected to

aid in identifying the flow-field types at each Math
number.

Spectra for I/h = 20.00 (fig. 9(d)) contain no

tones and show only a slight increase in broadband

noise with increasing Mach number.

Effect of Yaw

Changes in the cavity fluctuating pressures with

angle of yaw varied with Reynolds number, Mach

number, I/h, and mode number. In no case were
the tones eliminated altogether, which would have

indicated a change from open to closed cavity type

of flow. Except where noted later, the frequencies at
which tones were observed coincided for both angles

of yaw. Figures 10, 11, and 12 give spectra comparing

data for angles of yaw of 0° and 15° for cavities with

I/h = 4.40, 6.70, and 12.67, respectively. Each figure
presents data for high and low Reynolds numbers at

Moc = 0.60, 0.80, and 0.90.

The effect of yaw coupled with Reynolds num-
ber is most clearly seen when comparing figure 10(e)

with 10(d), in which case there is a significantly



differentdecreasein amplitudeof thesecondmode
(fl/Uoc _ 0.8) with angleof yaw. Comparingfig-
ure 10(a)with 10(c)and figure 10(b)with 10(d)
showshowMachnumbercancouplewithyawto ei-
therincreaseordecreasetoneamplitude.Therewere
casesin whichtonesappearedor disappearedwith
yaw.Anexampleoftheformercaseisthethirdmode
(fl/Ucc _ 1.1)in figure10(d).Thelattercaseisseen
for thefirst mode(fl/Uoc _ 0.3)in figurell(f).

An interesting phenomenonis observedat
M_ = 0.90, as seen in figures 10(e), 10(f), ll(e),

and ll(f). Beginning with the third mode

(fI/Ucc .-_ 1.1), there is a shift down (to the left)

in the higher modal frequencies with increased yaw.

This shift may result from the cavity appearing
longer to the shorter wavelength modes when it is in

the yawed position. (The apparent shift up in tone

frequencies with yaw in fig. 10(c) was due to a slight
difference in Mach number.)

As the cavity becomes more shallow, the ef-
fects described above become less dramatic for

I/h = 6.70 and 12.67 cavities as seen in figures 11
and 12, respectively. No data are shown for the

1/h = 20.00 configuration as there were no changes

with yaw. The effect of yaw at _I_ = 0.20 was
minimal.

Concluding Remarks

An experiment was performed in the Langley

0.3-Meter Transonic Cryogenic Tunnel to study the
internal acoustic field generated by rectangular cavi-
ties in transonic and subsonic flows and to determine

the effect of Reynolds number and angle of yaw on
the field. Reynolds number appeared to have little

effect on the acoustic spectra generated by rectangu-
lar cavities at an angle of yaw of 0° for Mach numbers
(_h1_) of 0.20 through 0.90.

Tones were observed for cavities with length-to-
height (I/h) ratios of 4.40 and 6.70 but not 20.00,

which agrees with data previously obtained under su-

personic conditions. An unanticipated result was the

presence of tones for 1/h = 12.67 at Ms -- 0.60. No

tones appeared at -_Icc = 0.80 or 0.90 for 1/h = 12.67.

Mode amplitude and bandwidth depended on

Mach number. Prominent tones at Met = 0.80

and 0.90 broadened and changed in amplitude as the
Mach number decreased to 0.60. There were no tones

apparent at _h¢_ = 0.20 for any of the conditions or

configurations tested.

The effect of yaw on cavity acoustics varied with

Reynolds number, Mach number, I/h, and mode

number. Higher order modes shifted down in fre-

quency with yaw at/l_roc -- 0.90.

NASA Langley Research Center
Hampton, VA 23665-5225
April 27, 1992
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Table 1. Nominal Test Matrix and Presence of Tones

Moc per foot

0.20 2 × 106

10

3O

0.60 4 × 106

10

10
3O

3O

8O

9O

0.80 5 × 106

10

10

30

3O
8O

9O

100

0.90 10 × 106

3O

3O

8O
9O

100

aCavity ceiling flush
bNo tones.

CWones.

psi K

22.5 310
26 105

76 105

19 320

46 320

21 180

64 i 180

30 I 105

77 _ 105

86 I 105

18 I 310

37 ] 310

21 ] 200
62 t 2O0

26 ] 105

64 I 105

72 I 105

85 [ 105

19.51200

68 I 200
22.5 [ 105

60 I 105

67 I 105

75 I 105

¢=0 °withl/hof-
4.40 6,70

( _) ())

.Lj[
(,:) (:)

(c) (,9

(c) (,:)
i

12.67 20.00

(c) (b)

(b) (b)

(b) (b)

I

with sidewall for boundary-layer measurements.

CO

(,_)

(]))

(10

(t ,)
I

1

(b)
I

4.

(c)

¢ = 15 ° with l/h of--
4.40 6.70 12.67

(b)

1

(c) i (c)

(c) (c) (c)

(c)
I

(c) I (b)

(c) (c) 1 (b)
/
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ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH

Drive rods

:Top adaptive wali

View port

Model mounting
block

Turntable

Bottom adaptive
wall

L-92-23

Figure 1. Interior of 13-in. by 13-in. test section of the Langley 0.3-m TCT.

L-92-24

Figure 2. Rectangular cavity model for installation in sidewall of Langley 0.3-m TCT. Dynamic pressure
transducers are shown.



Forward
wall

___ri_gin 8 1

_SR1 SR2 SOR3

Planview Aft
wall

Transducer x, y,
in. ,n.

1 0.800 0

2 1.700

3 2.450

4 3.254

5 4.058

6 4.862 1f

7 5.666 -.5

8 5.666 0

9 6.470

10 7.274
11 8.078

12 8.882

13 9.686
14 10.490

15 -.690

16 -.230

17 0 .47

18 11.250 .47

19 11.800 0

in.

h

0 Forward tunnel sidewall

0 Forward tunnel sidewall

h/2 Forward cavity wall

hi2 Aft cavity wall
0 Aft tunnel sidewall

Model Reference

location port

Cavity floor SR1
SR1

SR1

SR2
SR2

SR2

SR2

Sealed

SR2

SR2

SR2

SR3

SR3

SR3

SR1

SR1

SR1

SR3
SR3

Reference x, .y, Z,
orifice in. m. in.

SR1 0.401 0 h

SR2 6.071 0 h

SR3 10.486 .5 h

Model
location

Cavity floor

Cavity floor

Cavity floor

Figure 3. Dynamic instrumentation layout. In the sketch, the open circles indicate open dynamic pressure

transducers; the shaded circle indicates sealed pressure transducers; and the filled circles indicate static
pressure orifices.
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